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ABSTRACT

Electrical impedance spectroscopy (EIS) sensors, though rapid and cost-effective, often suffer from poor sensitivity. EIS sensors modified
with carbon-based transducers show a higher conductance, thereby increasing the sensitivity of the sensor toward biomolecules such as
DNA. However, the EIS spectra are compromised by the parasitic capacitance of the electric double layer (EDL). Here, a new shear-
enhanced, flow-through nonporous, nonplanar interdigitated microelectrode sensor has been fabricated that shifts the EDL capacitor to
high frequencies. Enhanced convective transport in this sensor disrupts the diffusion dynamics of the EDL, shifting its EIS spectra to high
frequency. Concomitantly, the DNA detection signal shifts to high frequency, making the sensor very sensitive and rapid with a high signal
to noise ratio. The device consists of a microfluidic channel sandwiched between two sets of top and bottom interdigitated microelectrodes.
One of the sets of microelectrodes is packed with carbon-based transducer material such as carboxylated single-walled carbon nanotube
(SWCNT). Multiple parametric studies of three different electrode configurations of the sensor along with different carbon-based transducer
materjals are undertaken to understand the fundamental physics and electrochemistry. Sensors packed with SWCNT show femtomolar
detection sensitivity from all the different electrode configurations for a short target-DNA. A 20-fold jump in the signal is noticed from the
unique working electrode configuration in contrast to the other electrode configurations. This demonstrates the potential of the sensor to
have a significant increase in detection sensitivity for DNA and other biomolecules.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126452

INTRODUCTION acquire a reliable result. Besides, PCR amplification technologies

Deoxyribonucleic acid/ribonucleic acid (DNA/RNA) are fun- pass through a series of reactions to increase the ctDNA concentra-

damental biomarkers for the identification of specific diseases.'™ tion. Hence, the fmal. reading often does not .re.ﬂ“T the actual
For example, in a liquid biopsy, detecting and long-term tracking ctDNA concentration in the human body. Hybridization of target

tDNA molecule to short single-stranded DNA (ssDNA), called
of circulating tumor DNA (ctDNA) in human blood are critical for ¢ fmofectie o Short single-sirande (ss ), calle

carly-stage cancer detection, treatment, and during remission." oligonucleotide, is the preferred method of detection of ctDNA."’

Analysis of ctDNA is challenging due to its extremely low concen-
tration in human blood (<1% in many cases).” Hence, sensitive
detection of ctDNA is one of the significant issues in this field.
PCR-based amplification technologies are well developed with sen-
sitivities of less than 50 ng.(”g However, most PCR-based methods
need complex, expensive, and precise chemical procedures to

Electrochemical biosensors use faradaic techniques like cyclic
voltammetry'' and pulse voltammetry'” or nonfaradaic techniques
like electrical impedance spectroscopy (EIS)."” Electrochemical bio-
sensors provide automatic tracking and detection, a user-friendly
platform, and are of low cost.'” Generally, the design of a biosensor
consists of an analyte (with the target molecule), a bioreceptor
(the capture molecule), a transducer, electronic components, and a
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display.'* The ssDNA oligonucleotide used for the detection of
ctDNA has a 5 modification designed to bind to the transducer.
Electrochemical sensors convert the hybridization signal (binding
of a ctDNA to an oligo) to an equivalent electrical/electrochemical
signal. Currently, the detection sensitivity of electrochemical sensors
for ctDNA is around 10 pM without expensive electrode modifica-
tions or extensive protocols.'” Hence, there is a demand for simple
electrochemical sensors capable of detecting low amounts of ctDNA.

Among electrochemical biosensors, EIS-based biosensors have
been used for detecting different biomarkers, such as proteins,16
antibodies,'” or DNA."'”!'® EIS-based sensors detect changes in the
electric current from the electrode surface on the application of a
sinusoidal AC voltage. The changes are caused by the immobiliza-
tion of the target analyte (DNA, antigen, among others) to recep-
tors/molecule receptors on the electrode surface. Device sensitivity
determines whether one can detect the physical or chemical
changes on the electrode surface due to target binding. This elec-
trochemical signal increases with the use of a nanomaterial as a
transducer as has been shown elsewhere.'”*" Carbon nanotubes
(CNTs) are one of many common materials used as a transducer in
electrochemical biosensors.”' Due to its high electrical conductivity
and high surface area to volume ratios, CNTs make an extraordi-
nary transducer material. The surface of the CNT can also be easily
modified and bonded to ssDNA oligonucleotides by standard
coupling and functionalization reactions.”>”’

The problem with EIS-based sensors is the electrical double layer
(EDL). EDL is a parasitic capacitor that reduces the sensor’s sensitivity
and increases the noise. Our group has introduced a novel electro-
chemical platform that uses shear-enhanced, flow-through, nanopo-
rous, nonplanar interdigitated microelectrode (NP-pIDE) that allows
for a significant reduction of the noise from the EDL. Unlike in planar
interdigitated microelectrode, where the electric field is only at the
vicinity of the electrode surface, in NP-uIDE the electric field pene-
trates throughout the channel. This allows any target molecules cap-
tured anywhere in the channel to perturb (sensor signal) the electric
field between the electrodes, significantly enhancing the sensitivity of
NP-uIDE. Further, microelectrodue (uEs) as electrochemical transduc-
ers offer the advantage of high collection efficiencies, a low response
time that favors rapid detection, low ohmic drop, easy fabrication over
multiple substrates, readiness for miniaturization, and eliminates the
need for a reference electrode allowing easy integration with microflui-
dic chips for multiplexed analytical platforms.”*

In this work, we show the DNA sensitivity of NP-uIDE that
packs carbon-based transducer materials between the bottom and
top microelectrodes. As has been shown earlier and here, our
fabrication and device integration process is simple, easy to set up,
cost-effective, and requires minimal operator handling/expertise.”’
NP-uIDE with packed carbon materials increases convective trans-
port, disrupting the diffusive dynamics that govern the EDL.
Hence, the EDL capacitor signal moves to higher frequencies.””*
These allow the measurement of the EIS sensor signal at signifi-
cantly higher frequencies reducing the noise and making the
system rapid. Different types of carbon transducer materials such
as single-wall carbon nanotube (SWCNT), aligned multiwall
carbon nanotube (aligned-MWCNT), single-wall carbon nanotube
with carboxyl groups (SWCNT-COOH), and carbon nanofiber
(CNF) are tested in multiple electrode configurations with different
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voltages and potassium chloride (KCI) concentrations. ssDNA
oligo probes are functionalized to the carboxylate CNT using
standard EDC-NHS coupling. The device is tested with short
target-DNA. The detection limit is femtomolar. Further, the EIS
sensor showed that among different electrode configurations, DNA
detection sensitivity is higher for specific electrode configurations.
To summarize, the increased sensitivity of NP-uIDE over other
CNT based microelectrode sensors is due to (1) high SNR due to
the use of microelectrodes, (2) enhanced electric field penetration
from the nonplanar microelectrodes, and (3) the porous transducer
layer that shifts the EDL to higher frequencies resulting in even
more increase in SNR.

METHODS AND MATERIALS
Reagents and instruments

Standard glass slides (1304G) with ground edges, 90° corners,
and size 25x75x 1 mm’ are ordered from Globe Scientific Inc.
(USA). The de-ionized (DI) water used in the experiments is
obtained from a Milli Q Direct 8 Water Purification System with a
conductivity of 7.9 uS/cm W. A double-sided polypropylene (PP)
tape (90880) with SR-26 silicone pressure-sensitive adhesives on
both sides is obtained from ARcare, USA. The thickness of the tape
is 142 um including the PP layer and the two adhesives. Potassium
chloride (KCl), ACS grade, is acquired from British Drug Houses
(BDH). The 4294A Precision Impedance Analyzer from Keysight
Technologies is used for all the EIS measurements. Different
transducer materials such as carbon nanofiber (CNF, 95%+), short
single-wall carbon nanotube (SWCNT, 98%+), carboxylic acid
functionalized short single-walled carbon nanotube (C-SWCNT,
98%+), and aligned multiwall carbon nanotube (MWCNT, 95%+)
are all acquired from US Research Nanomaterials Inc. Fabrication
of the top and bottom microelectrode glass slide is carried out in
the Nano-fabrication facility at CUNY Advanced Science Research
Center.

Device fabrication

Cleaning steps for the standard glass slides involve (1) two
10 min 1:3 Piranha washes for removal of organic contaminants
and (2) an AMD wash protocol for removal of any residual con-
taminants from the Piranha Wash. The AMD wash involves consec-
utively rinsing the glass slide by acetone, isopropanol, methanol, and
DI water. Following the AMD wash, the glass slide is dried using a
Nitrogen gun. (3) The glass slide is heated to 130 °C for 30 min
to eliminate any surface-bound moisture. Hexamethyldisilazane
(HMDS) is spun onto the glass slides in two spins of 400 rpm for
15s and 1000 rpm for 45 s with a ramping rate of 200 rpm/s using a
Brewer Science Cee’s spin coater to promote photoresist adhesion. A
positive tone photoresist AZ 1512 is spun onto the glass slide using
two spins of 500 rpm for 10s and 3000 rpm for 45s at a ramping
rate of 200 rpm/s and then soft-baked at 110 °C for 60 s for a confor-
mal coat of 1.39um. For contact lithography, an EV Group’s
EVG620 mask aligner is used to expose the glass slides with photore-
sist to an electrode mask. The UV exposure dosage is 350 J/m>. Post
exposure, the slides are developed in the fresh AZ 300 MIF
Developer for 35 s, followed by a de-ionized water wash and nitrogen
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drying. The pattern is checked for accuracy under a microscope. An
AJA Orion 8E Evaporator System for electron beam (e-beam) is used
to deposit 10 nm of titanium followed by 100 nm of gold (both at
2 A/s) on the patterned glass slides. The electrode geometry is devel-
oped post-deposition using lift-off by immersing in acetone bath
after one day. The microchannel is constructed out of ARcare® 90880
polypropylene double-sided tape. The microfluidic channel is cut to
dimension using the Cricut®. The dimensions of the channel are
48 mm (L) x 500 um (W) x 142 um (H). The final device consists of
a microchannel made from the double-sided tape sandwiched
between a top and bottom patterned microelectrode. Inlet and outlet
holes for fluid flow are drilled by a 1 mm diamond drill bit onto the
top microelectrode glass slide. The adhesive on each side of the tape
is attached to the bottom and the top microelectrode glass slide to
form the NP-uIDE.

Transducer packing and device integration

The packing of the channel with transducer material is done
using the following protocol. The liner from the bottom side of the
double-sided tape is removed to expose the silicon adhesive. The
channel is cut into the double-sided tape using the Cricut machine.

scitation.org/journal/bmf

The cut tape is first aligned to the bottom microelectrode glass slide.
Post alignment, the double-sided tape is fixed to the bottom micro-
electrode glass slide using the exposed silicon adhesive. The trans-
ducer material is mixed with 1x PBS to form a slurry. The slurry is
loaded into the channel to create a tight packing with the top liner
still on. The top liner is then removed to expose the silicon adhesive.
The top microelectrode slide is aligned to the channel containing the
transducer material (CNF, SWCNT, C-SWCNT, or MWCNT). The
alignment is carried out under a microscope to ensure the interdigi-
tation of the nonplanar electrodes.

KCL run protocol

The device is packed with CNF, SWCNT, C-SWCNT, or
MWCNT using the transducer packing protocol as described before.
The KCl is diluted with DI water to get the required KCl concentra-
tions from 1M to 1uM. These devices are connected to the
Impedance analyzer, Agilent 4294A, for EIS readings using standard
electrical connections (Fig. 1). The devices are first washed with DI
water for 1h. After the wash procedure, KCl flows through the
device at 1 ul/min. The EIS signal for a KCI concentration is taken
after 1 h.

Agilent 4294A

]
"
=]

Q

setup. The microfluidic devices are

FIG. 1. Diagram of the experiential
\ connected to an EIS machine (Agilent

Different Electrode Configurations

NE-300 syringe pump

(A) Material electrode (B) Clear electrode
ME CE

4294A) from the NP-uIDE device. The
solvent is controlled using a NE-300
syringe pump with a flow rate of 1 ul/
min. (a) Material electrode (ME) config-
uration. (b) Clear electrode (CE) config-
uration. (c) Working electrode (WE)
configuration.

(C) Working Electrode

WE
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CNT functionalization of SWCNT

Probe-DNA and target-DNA oligo with the sequence of 5'-/-
5AmMC6/CGTCCAAGCGGGCTGACTCATCAAG-3' and 5'-CTT
GATGAGTCAGCCCGCTTGGACG-3', respectively, are acquired
from Integrated DNA Technologies (IDT). A10807 1-(3-
dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride (EDAC)
and A10312 N-Hydroxysuccinimide (NHS) are purchased from
Alfa Aesar with 98%+ purity. 2-(N-Morpholino) ethanesulfonic acid
hydrate (MES) is acquired from Sigma-Aldrich with 99.5%+ purity.
Phosphate Buffered Saline (PBS) tablets are purchased from VWR.
30 mg of the C-SWCNT is vortexed/washed in the 0.1M MES buffer
and centrifuged in a 1.7 ml Eppendorf at 6000 RPM (GeneMate
Minifuge) thrice. During the wash, the suspension is replaced with
fresh MES. The supernatant is taken out and activated with the
EDC-NHS coupling reaction with probe-DNA oligo in 1x PBS
solvent overnight. The DNA-functionalized C-SWCNT is washed in
1x PBS (pH 7.4) and preserved in the refrigerator.

DNA run protocol

The DNA-functionalized C-SWCNT device is connected to
the Impedance analyzer using standard electrical connections, as
shown in Fig. 1. Target-DNA oligo concentrations are diluted to
1uM, 1 nM, 10 pM, 1 pM, 0.1 pM, and 1 fM with 1x PBS (pH 7.4).
The DNA oligo sensor protocol involves the following steps. A
NE-300 syringe pump from New Era Pump Systems, Inc. (USA) is
connected to the inlet of the device. The device is first washed with
1x (pH 7.4) PBS solution at a flow rate of 1 ul/min for 2 h or until
the EIS signal from the device stabilizes. The stabilization of the
EIS signal is interpreted as two EIS measurements that do not
change when taken 5 min apart. This stabilized EIS signal taken in
1x PBS is treated as the baseline measurement. Post stabilization,
the 1x PBS solution is switched to the 1M Ethanolamine (99%-+
pure from Alfa Aesar) in 1x PBS for 90 min. Ethanolamine blocks
nonreacted carboxy groups, which will reduce the nonspecific
adsorption of the target-DNA in the device.”’ ™’ Post blocking, the
device is washed with 1x PBS for 2 h to remove any remaining eth-
anolamine. Target-DNA oligos flow into the system at 1 xl/min for
2 h. Post target-DNA oligo passage, the solution is switched back to
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1x (pH 7.4) PBS solution (washing solution). The device is rinsed
with 1x (pH 7.4) PBS solution at a flow rate of 1ul/min for 3h
and 30 min to remove any unspecific bound target-DNA in the
device. This difference between the EIS signal from the pre- and
post-PBS wash is interpreted as the target-DNA oligo capture
signal.

RESULTS AND DISCUSSIONS

Figure 1 shows the working of the sensor device. It is worth-
while to note that the sensor has a 2 x2 configuration, i.e., two
NP-uIDE sets are placed in a single channel. One of the NP-uIDE
set is packed with transducer material. The other NP-uIDE is
empty. Flow passes through both of these NP-UIDE sets, one after
another. EIS data are recorded by different electrode configurations
that are made using these two sets of NP-pIDE. A material elec-
trode configuration (ME) is the EIS signal from the first set of
NP-uIDE packed with transducer material [Fig. 1(a)]. The clear
electrode (CE) configuration is the EIS signal from the second set
of NP-uIDE that does not have any transducer material [Fig. 1(b)].
Finally, the working electrode (WE) configuration is a unique take
on the electrodes. The first set of NP-uIDE with packing is shorted
together to form a single electrode (working). The second set of
NP-uIDE is also shorted to form a single electrode (counter). The
EIS signal is now taken between the working and the counter elec-
trodes [Fig. 1(c)]. WE configuration allows us to observe any
changes that take place in the packed NP-uIDE set and contrast it
against the empty NP-uIDE set of electrodes.

Each electrode configuration (ME, CE, and WE) is examined
in detail to understand what electrochemical properties are mea-
sured by what electrode configuration. Figure 2(a) shows the
Nyquist curve for the EIS signal from SWCNT ME in 0.01M KCl
concentration at different voltages. It is worthwhile to note that the
EIS signal shows a series of LR circuit. Further, the packed elec-
trode behaves like a pure ohmic resistor at low frequency due to the
high electronic conductivity of SWCNT. It is worthwhile to note
that SWCNT acts as a pure conductor in the experimental voltage
range as has been seen elsewhere.”” Hence, capacitive behavior of
the electrode is absent. At higher frequency, the Nyquist spectra
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FIG. 2. EIS spectra of SWCNT packed NP-uIDE devices in 0.01M KCL for different configurations and voltages (a) ME configuration. (b) CE configuration. (c) WE
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show up as an inductor. The packing of the conducting SWCNT in
the channel is similar to that of twisted conducting wire. Like a
twisted conducting wire in an applied electric field, the packed
SWCNT behaves like an inductor at high frequency. It is interesting
to note that the voltage does not have any effect on the Nyquist
curve.

CE shows an atypical Randles circuit electrode semicircle in
the Nyquist plot [Fig. 2(b)]. The electrode response between the
NP-uIDE shows a similar diffusion dominated behavior to the EIS
response as seen from interdigitated gold planar electrodes.”® The
same diffusion layer is responsible for the Warburg impedance seen
at the lower frequency. The NP-pIDE geometry results in a finite
diffusion layer. That results in a nonideal Warburg that is more
capacitive, as has been seen elsewhere.”” Further, as expected, with
an increase in voltage, the diffusion layer increases, which results in
a progressively less capacitive Warburg resistor.”” The WE combi-
nation combines the above two configurations to result in a parallel
RC circuit, as shown in Fig. 2(c). However, the RC of the EIS
spectra from the WE shows a significantly high R. It is hypothe-
sized that this large R is due to the significant distance between the
two sets of NP-uIDE (~10 mm). We speculate that at lower volt-
ages and low frequency, the scatter in the system is due to increased
drift current as has been seen elsewhere with high resistance.

A critical element for an EIS sensor is the response to electro-
Iytes, specifically the conductivity of the electrolyte. Figure 3(a)
shows that for SWCNT ME, the EIS spectra are still an LR circuit
in series at low KCl concentrations while at higher concentrations,
a small RC circuit starts to appear. This RC at the higher KCl con-
centrations can be attributed to the increased capacitance of the
EDL. The charge relaxation frequency (1/RC) decreases substan-
tively at higher values of C, which allows the RC to dominate at the
lower frequencies (L, the inductor is weak at low frequency). It is
important to note that there are two current paths that help us to
understand the origin of the C at higher concentrations and low
frequencies. The first current path is directly through the packed
SWCNT that leads to a purely resistive EIS signal at low frequency.
The second current path is the ionic current in the electrolyte sur-
rounding the SWCNT and the electrodes. At low concentrations,
the electronic conductivity of the electrolyte is significantly lower in
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comparison to the packed SWCNT, and hence the current chiefly
passes through the SWCNT. However, at higher concentrations, the
ionic current is also significant. These ionic currents can lead to a
charge accumulation near the electrodes/SWCNT. It is interesting
to note that this is similar to the EIS signal observed from gold
electrodes, albeit shifted by frequency due to the L present across
most of the frequency range. From Fig. 4(a), the only material that
does not show this RC behavior at low frequency is the
aligned-MWCNT. It can be hypothesized to the much higher con-
ductivity of the MWCNT (>1250 s/cm) in comparison to the other
materials. Further, the SWCNT-COOH group shows the largest RC
signature among all the different materials at high concentrations
[Fig. 3(a)]. This is due to the presence of charged moieties
(-COOH) on its surface that leads to an enhanced capacitor.”’ This
dominates the LR circuit even more than the other materials at the
high concentrations. Hence, SWCNT-COOH crosses the resistance
axis at a lower value than the MWCNT even though it has a lower
conductivity than the MWCNT (as can be seen at the lower
concentrations).

The CE [Fig. 3(b)] for SWCNT follows a traditional Randles
circuit, with the charge transfer resistance (Rct) decreasing with an
increase in KCI concentration. The WE [Figs. 3(c) and 4(b)] also
follows a similar Randles circuit though with a much higher Rct
than the CE. The increase in Rct can be attributed to the distance
between two sets of NP-uIDE. For the WE, the EIS spectra are
more scattered at the lower concentrations and the lower frequen-
cies [Figs. 3(c) and 4(b)]. The problem of noise at the lower fre-
quencies is due to the drift of the current at high Rct and low
frequency. Hence, this scatter is more pronounced in the lowest
KCl concentrations, which has the highest Rct in WE. In this man-
uscript, however, we are not too worried about the noise in the WE
as for DNA detection experiments, the electrolyte will have a high
ionic concentration. DNA is much more stable at high ionic con-
centrations.”’ Our electrolyte is 1x PBS media with a conductivity
of 13500-17000uS/cm, which is equivalent to 0.IM KCIl
(12 880 uS/cm). Hence, EIS spectra taken in 1x PBS should not
have any scatter at the low frequency.

In Fig. 4 (left panel, top row), the EIS response of SWCNT
and the aligned-MWCNT is shown for 1M KCl concentration.
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FIG. 3. The effect of KCL concentration on NP-uIDE with single-wall carbon nanotube (SWCNT) is shown for (a) ME configuration, (b) CE configuration, and (c) WE

configuration.
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Atypical matrices used in a sensor to detect circulating tumor DNA
will have high conductivities like 1M KCL' For a sensor approach,
capture DNA will be coupled to the carboxylate groups on the
surface of the SWCNT or the aligned-MWCNT. The target-DNA
will bind to this capture DNA, which should change the ionic
current to the SWCNT or the aligned-MWCNT. This change in
the ionic current is a perturbation in the total current. The bulk of
the total current is the electrode current that will flow thought the
SWCNT or the aligned-MWCNT from the bottom UE to the top
ME. However, as the aligned-MWCNT has a much lower resistance
than the SWCNT [Fig. 4 (left panel, top row)], the contribution of
the ionic current to the total current will be significantly less
for aligned-MWCNT in comparison to SWCNT. Hence, SWCNT
will have a higher sensitivity to any changes on its surface (ionic
current) in comparison to the aligned-MWCNT. Between
aligned-MWCNT and SWCNT, it can thus be concluded that
indeed SWCNT is a better transducer packing material than

4 F O Pre Target DNA
[ O Post Target DNA
2
€
E L
N0
2
4 -
IIIIIIIIIII IIIIIIIIIIIIII
64 65 66 67 68
60k
C o Before Target DNA
50K :_ A Post Target DNA
@ 40k
£ C
20k |
10k [
0
-I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1
0.0 40.0k 80.0k 120.0k
ZReal(®)

FIG. 5. EIS spectra from target-DNA attachment to SWCNT with probe-DNA
are shown for ME and WE configurations for the target-DNA concentration of
1fM.
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MWCNT. For the DNA sensitivity experiments that follow,
SWCNT is used as the packing material.

DNA hybridization experiments are carried out using a
probe-DNA and a target-DNA that is perfectly matched. The DNA
and the device protocol are described in detail in the Methods and
Materials section. The initial EIS spectra in 1x PBS (SWCNT with
probe-DNA only) and 1x PBS washing post target-DNA passage
are acquired. The difference in the Rct in the two EIS spectra is
taken as the DNA hybridization signal. The change in the EIS
spectra for two different electrode configurations, WE and ME, is
shown in Fig. 5. As can be seen from Fig. 5, the difference between
the impedance circuit indicates the binding of the target-DNA
oligo to the probe-DNA. It is interesting to note that with the
attachment of target-DNA, the Rct is decreasing (Fig. 5). For
SWCNT, carbon hybridizes into sp, sp2 configurations with narrow
gaps between their 2s and 2p electron shells. During the detection
of DNA, as a 7 electron orbital is formed during the interaction of
the double-stranded DNA with the SWCNT, specifically at the sp,
sp2 hybridization site. This © electron is often shared between the
SWCNT and the double-stranded DNA.” This manifests as an
increased surface area of the transducer wherein the double-stranded
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FIG. 6. The change in the normalized value of Rct with changes in DNA con-
centration is plotted for the SWCNT electrode used in Fig. 5 for (a) ME and (b)
WE configurations.
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DNA acts as an extension of the SWCNT. This should lead to an
increased ionic current, which translated to a decrease in Rct.

However, to get a clear picture of the sensitivity of the
different electrode configurations, the change in Rct is normalized
to the initial Ret value of the device. This is also as the packing can
change across devices. Even though the device loading is approxi-
mately the same, however, human error can lead to small variance
during loading. Our earlier papers show that the EIS spectra of the
device are dependent on the device structure.”” Hence, a normali-
zation would allow us to reduce/remove the variation due to
packing. Figure 6 shows that post target-DNA hybridization, the
ME shows a much smaller change in comparison to the WE
(20 times). This is expected due to the current path in the two elec-
trode configurations. Indeed as the ME is chiefly resistive, a small
proportion of the current is carried by the ions. Hence, any
changes in the overall current due to changes in the ionic current
from the binding of the target-DNA are limited. The electric
current through the SWCNT is unaffected by DNA binding, as the
SWCNT is already very conductive. For the WE, the ionic current
is the only way that the two sets of interdigitated electrodes can
talk. Hence, changes in the SWCNT from the binding of the
target-DNA are registered at significantly higher levels for WE.

It is important to note that the change in Rct in Fig. 6 shows
an increase with decreasing DNA, which is counterintuitive. It can
be speculated here that there are two competing mechanisms for
this decrease in Rct. As detailed above, the sharing of the m electron
cloud between the SWCNT and the double-stranded DNA mani-
fests as a decrease in Rct. However, as the amount of target-DNA
coverage increases, it should lead to a progressive decrease in the
amount of electrode surface area available to the transducer. This
should lead to an increase in Rct. Hence, the interplay between these
two competing mechanisms makes the EIS change of the device is
nonlinear with changing DNA concentration. Nevertheless, the sen-
sitivity of the WE configuration in conjunction with the advantages
of NP-pIDE allows us to detect target-DNA rapidly, with high signal
to noise at femtomolar levels.

CONCLUSION

To conclude, we demonstrated here that NP-uIDE could be
used in several different electrode configurations, WE, CE, and ME,
to measure the binding of target-DNA to probe-DNA. The elec-
trodes can be packed with different transducer materials. The
packed NP-uIDE electrode current has two current paths for ME.
At low ionic strength and with conductive transducer materials like
MWCNT, the current is chiefly electronic and can miss a contribu-
tion from the electrode-electrolyte interface. For conductive materi-
als with charged moieties, such as C-SWCNT, the ionic current
from the electrolyte-electrode interface is as strong as the electronic
current at high ionic strength. The WE, on the other hand, will
pick up any changes in the packed transducer material. However,
due to the distance between the two pairs of NP-uIDE in the WE
configuration, scattering noise can dominate at low ionic strength.
DNA sensitivity from both WE and ME configurations shows very
high sensitivity (1 fM). However, the change in the Rct from the
binding of the target-DNA to the probe-DNA is 20 times larger
for the WE configuration in contrast to the ME. Thus, the WE

ARTICLE scitation.org/journal/bmf

configuration of the NP-pIDE device can be used as a biosensor for
the rapid detection of ctDNA in blood.

SUPPLEMENTARY MATERIAL

See the supplementary material for the EIS spectra from
different target-DNA attachment to SWCNT with probe-DNA for
the WE configuration. The target-DNA concentrations are (A)
1072 nM, (B) 10> nM, (C) 10™* nM, and (D) 107° nM.
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